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Chapter 2. Synthesis and stability of a cationic α-diimine 





Since cationic α-diimine Ni and Pd alkyl complexes were reported by 
Brookhart and co-workers in 19951 to catalyze the polymerization of ethene 
(Scheme 1.5), the area of olefin polymerization catalysis by late transition 
metal complexes has developed strongly. In this catalyst family, sterically 
hindered ligand systems prevent fast chain transfer processes, which are 
responsible for the olefin dimerization or oligomerization catalysis found 
more usually for the late transition metals.2,3,4 
 
The low reaction rates of these Pd species at low temperature and the lability 
of the coordinated ether molecule in the parent catalyst are very suitable for 
mechanistic studies by NMR spectroscopy. Olefin coordination, insertion and 
subsequent transformation (chain walking, chain transfer processes) for 
ethene, α-olefin and alkyl acrylates with these Pd species were studied via 
variable temperature NMR by Brookhart and co-workers.1,5,6,7,8  
 
For this purpose, a convenient synthesis of the palladium catalyst 
[(N^N)PdMe(OEt2)][BAF] (2, N^N: ArN=CMe-CMe=NAr with Ar: 
2,6-diisopropylphenyl, BAF: B[3,5-(CF3)2C6H3]4)  is essential. A general 
synthesis procedure has been reported by Brookhart and co-workers1, 
involving protonation of one of the methyl groups of α-diimine palladium 
dimethyl complexes 1 by the strong acid H(Et2O)2BAF in ether (Scheme 2.1). 
The ionic methyl complex 2 was reportedly isolated as a relatively stable 
solid. Nevertheless, when this procedure was repeated by us, the formation of 
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side products was observed. As the subsequent purification of crude 2 proved 

























2.2. Syntheses of precursors: α-diimine palladium dimethyl complex 
and H(Et2O)2BAF 
 
Various ways to prepare α-diimine palladium dimethyl complex 1, precursor 
to the ionic catalyst 2, have been reported. These are summarized in Scheme 
2.2.8 All the methods begin from the same starting material (COD)PdCl2.9 
First, (COD)PdCl2 was monomethylated by tetramethyl tin to give 
(COD)PdMeCl.10 After the COD ligand was displaced by N-aryl α-diimine 
(N^N), the second methyl group was introduced by reaction of 
(N^N)PdMeCl with MgMe2 to give the α-diimine dimethyl complex 1 in 
moderate yield, 24.6% based on (N^N)PdMeCl.1 A more effective published 
route is direct dimethylation of (COD)PdCl2 by 2 equiv of methyl cuprate, 
followed by workup with aqueous KCN, to give (COD)PdMe2. 11 
(COD)PdMe2 is a thermally labile compound, so once prepared it should be 
 21 
























In our hands, it turned out that MeMgBr is a very efficient methylating agent 
for the synthesis of 1. Not only can it smoothly methylate intermediate 
(N^N)PdMeCl to give 1, it also allows a direct synthesis of 1 starting from 
(COD)PdCl2. From (COD)PdCl2, (COD)PdMe2 can be generated in situ 
through reaction of 2 equiv of MeMgBr with (COD)PdCl2 at –30 oC. 
Addition of the diimine, followed by extraction with toluene and 
crystallization from toluene/pentane affords pure 1 in an isolated yield of 








- 2 MgBrCl - COD
 
Scheme 2.3  
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The syntheses of NaBAF (BAF- = {B[3,5-(CF3)2C6H3]4}-) and the Brønsted 
acid H(Et2O)2BAF have been reported in literature. NaBAF was made by 
reaction of [3,5-bis(trifluoromethyl)phenyl]magnesium bromide with 
NaBF4.13 Brookhart reported that, after an ether solution of NaBAF was 
treated with HCl gas, H(Et2O)2BAF could be crystallized. 14  But 
subsequently it was found8 that the product is a mixture of H(Et2O)2BAF and 
H(H2O)2BAF, even after pre-drying NaBAF under vacuum and storing its 
solution in ether for 12 h over 4 Å molecular sieves. The H2O stems from 
incompletely dried NaBAF (which has been isolated from aqueous workup). 
Bahr et al. have reported that NaBAF could be dried at 110 oC for 6 h, 
although details of the process were not given.15  
 
The room temperature 1H NMR spectrum of H(Et2O)2BAF in CD2Cl2 shows 
a very broad peak for  [H(Et2O)2]+, which is difficult to observe and is 
unresolved from any [H(H2O)2]+ formed by remaining traces of water. We 
found that, when the 1H NMR spectrum of H(Et2O)2BAF in CD2Cl2 was 
measured at –60 oC, the proton in [H(Et2O)2]+ shows a sharp resonance at δ 
16.63 ppm and that the [H(H2O)2]+ ion also shows a clear singlet at δ 13.05 
ppm. The presence and quantity of the water adduct can thus be easily 
determined by the relative integral of these two peaks.  
 
After investigating various methods to dry NaBAF, we found that drying at 
130 oC under vacuum for 6 h is sufficient and does not cause significant 
decomposition. The dried NaBAF was dissolved in ether and then treated 
with a 1M HCl solution in ether. The latter is easier to handle and to dose than 
HCl gas. The NaCl precipitate was filtered off, and H(Et2O)2BAF was 
crystallized from the solution by cooling. The H(Et2O)2BAF thus obtained 





2.3. Synthesis of the cationic α-diimine palladium catalyst 2 
 
According to the procedure for the synthesis of the cationic α-diimine 
palladium complex 2 described by Brookhart et al.1, an equimolar mixture of 
(N^N)PdMe2 and H(Et2O)2BAF were cooled to –78 oC. Following the 
addition of ether, the solution was allowed to warm and stirred briefly for 15 
min at room temperature. The solution was then filtered and the solvent was 
removed in vacuo to give a pale orange powder (94.5 % yield). When this 
published procedure was repeated, we observed the presence of a large 
amount (approximately 50 mol% Pd) of a side-product (compound 3, Scheme 
2.4, the selective synthesis and characterization of which will be described in 
section 2.4) that could not readily be removed e.g. by recrystallization. We 
therefore explored this synthesis at different reaction conditions. The content 
of 3 in the crude product increased from about 10% to 50% when the reaction 
was performed in ether at room temperature instead of at –50 oC. Below –50 
oC, no by-product 3 was found but the reaction of palladium dimethyl with 
H(Et2O)2BAF became very slow so the reaction time became prohibitively 
long. During reactions at this temperature, gradual decomposition of product 









3   
Scheme 2.4 
 
When the reaction was carried out in dichloromethane, the C-Cl bond of 
CH2Cl2 was activated as well during the reaction. This side-reaction led to the 
formation of palladium chloride complexes 4 and 5 (Scheme 2.5). Complex 4 
was previously reported as the product of the reaction of α-diimine palladium 

































Complexes 4 and 5 were obtained from a reaction in which a CH2Cl2 solution 
of (N^N)PdMe2 was slowly added to a H(Et2O)2BAF solution in CH2Cl2 at 
–60 oC. After the reaction mixture was stored at –80 oC for around 20 h, some 
black precipitate (Pd) had formed. After filtering and concentrating the 
solution, and addition of some pentane, initially a small amount (3.5% yield) 
of 5 was obtained. Further concentrating the solution, addition of pentane and 
cooling to -30oC afforded orange crystals of 4 in 65% isolated yield. In 
addition it was observed that complex 5 can be produced by allowing 4 to 
stand in CH2Cl2 solution over prolonged times.  
 
Complex 5 was characterized by single-crystal X-ray diffraction (Figure 
2.1). 16  Selected bond distances and angles are listed in Table 2.1. The 
dinuclear Pd2 molecule contains a center of symmetry. The two Pd centers are 
bridged by two chlorides to form a planar 4-membered ring that is essentially 
coplanar with the Pd-diimine plane (Pd1-N11-C113-C115-N12). The Pd-Cl 
bond distances (2.342 and 2.331 Å) are somewhat longer than typical Pd-Cl 





Figure 2.1. ORTEP structure of complex 5 (cation) 
 
Table 2.1. Selected bond distances (Å) and angles (o) of complex 5 
_____________________________________________________________ 
Pd1-Cl1                2.3418(7)        Pd1-N11             1.998(2) 
Pd1-Cl1a              2.3310(6)         Pd1-N12             2.006(2) 
 
Pd1-Cl1- Pd1a         96.10(3)          N11-Pd1-N12        79.17(9) 
Cl1-Pd1-Cl1a          83.90(2)                
 




2.4. Synthesis and characterization of 
{[(N^N)Pd]2(µ-CH3)(µ-CH2)}[BAF] (3)  
 
It turns out that the side-product {[(N^N)Pd]2(µ-CH2)(µ-CH3)}[BAF] (3), 
which is formed during the synthesis of the cationic methyl complex 2, 
derives from a reaction of 2 with the starting material, the Pd dimethyl 
complex 1 (Scheme 2.6). This was observed by making a CD2Cl2 solution at 
low temperature of equimolar amounts of 1 and 2 and monitoring this by 
NMR spectroscopy while gradually warming up. Above -50oC, slow 
formation of 3 was observed. Performing the reaction at ambient temperature 




In a preparative scale experiment, 1 equiv of H(Et2O)2BAF and 2 equiv of 
palladium dimethyl complex 1 were combined in CH2Cl2 at room 
temperature. Subsequent crystallization by concentrating the solution and 
layering with pentane afforded crystalline 3 in 69% isolated yield. The nature 
of 3 was established by NMR spectroscopy, elemental analysis and single 
  
-Et2O


































crystal X-ray diffraction (Figure 2.2, Table 2.2).  
 
In NMR spectrum of 3, besides the normal assignments of the diimine ligand 
and the counteranion, there are two 1H resonances found at δ 5.71 and 0.04 
ppm, which exhibit a 2:3 integral ratio. By HSQC (Heteronuclear Single 
Quantum Coherence), the correlated 13C resonances are found at δ 129.66 and 
-46.60 ppm respectively. Furthermore the 2-D spectrum HMBC 
(Heteronuclear Multiple Bond Coherence) indicates the 1H resonance at δ 
5.71 ppm is from CH2 with a C-H coupling constant of 139 Hz, and the 1H 
resonance at δ 0.04 ppm is from CH3 with a C-H coupling constant of 120 Hz. 
 
Several methylene bridged dinuclear complexes were reviewed by Casey and 
Audett.17 The 1H and 13C chemical shifts (δ 5.71 and 129.66 ppm) of µ-CH2 
in complex 3 are in the ranges (δ 5-11 and 100-210) observed for µ-CH2 in 
dinuclear complexes.18 Similar 1H and 13C chemical shifts of δ 5.19 and 
158.4 ppm were also found in Cp2(Cl)Ti(µ-CH2)Pt(Me)(PMe2Ph)2 for the 
methylene bridge.21 The upfield 1H and 13C chemical shifts (δ 0.04 and -46.60 
ppm) of µ-CH3 in complex 3 are also typical for the methyl bridge in 
dinuclear complexes, e.g. δ -5.65 (1H) and δ-27.1 ppm (13C) in 
Ru2(µ-CH3)(µ-CH2)2(PMe3)6.20  
 
The X-ray structure of 3 shows a "butterfly" cation of two palladiums bridged 
by a methylene and a methyl group and paired with only one anion, which 
means the palladium dimer is a monocation. The hydrogen atoms of the 
bridging methyl and methylene groups were located in the refinement: 3 
hydrogens on C57 and 2 hydrogens on C58. The Pd2C2 4-membered ring is 
folded, with a dihedral angle C57-Pd1-Pd2-C58 of 137.1(2)o. Such a folded 
ring geometry has been reported for some related methylene- and 
methyl-bridged metal dimers, e.g. (µ-C5H5)2Ti(µ-CH2)(µ-CH3)Rh(COD),19 
Ru2(µ-CH3)(µ-CH2)2(PMe3)6 20  and Cp2(Cl)Ti(µ-CH2)Pt(Me)(PMe2Ph)2. 21 
The Pd-N distances trans to the Pd-µ-CH2 bonds (2.149(2) and 2.192(3) Å) 
are longer than those trans to the Pd-µ-CH3 bonds (2.098(2) and 2.077(2) Å), 
corroborating the assignment of the two groups.  
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Figure 2.2. ORTEP structure of complex 3 (cation)  
 
Table 2.2 Selected bond distances (Å) and angles (o) of complex 3.  
_____________________________________________________________ 
Pd1-Pd2           2.7347(3)            Pd1-N1             2.098(2) 
Pd1-N2            2.149(2)             Pd1-C57            2.153(4) 
Pd1-C58           2.007(4)             Pd2-N3             2.192(3) 
Pd2-N4            2.077(2)             Pd2-C57            2.237(4) 
Pd2-C58           2.000(4)               
 
N1-Pd1-N2        76.03(9)             N3-Pd2-N4         75.93(9) 
Pd1-C57-Pd2      77.04(13)            Pd1-C58- Pd2       86.07(16)  
 29 
Pd1-C57-H57         132(2)           Pd2-C57-H57          74(2)  
Pd1-C57-H57’        85(4)             Pd2-C57-H57’          76(4)  
Pd1-C57-H57’’       78(2)             Pd2-C57-H57’’         135(3)  
Pd2-C58-H58         97(2)             Pd2-C58-H58’          121(2)  
 
C57- Pd1- Pd2-C58  137.1(2)           C58-Pd2-C57-Pd1      29.92(15) 




2.5. Structure calculations on {[(N^N)Pd]2(µ-CH3)(µ-CH2)}[BAF] (3) 
 
Dinuclear d8-d8 metal complexes (reviewed by Dedieu22) have, in some cases, 
been studied by quantumchemical calculations.23,24,25,26 In order to gain more 
understanding of the bonding in the binuclear core of 3, DFT calculations 
were performed by Dr. P. H. M. Budzelaar (Radboud University Nijmegen)            
on (µ-CH2)(µ-CH3)[Pd(ArNCRCRNAr)]2+ for three different ligand 
substitution patterns: a "naked" system 3a (Ar = R = H), an intermediate 
system 3b (Ar = 2,6-Me2C6H3, R = Me) and the complete system 3c (Ar = 
2,6-iPr2C6H3, R = Me). Pictures of the optimized geometries of the molecules 
are shown in Figure 2.3; relevant geometrical parameters for the core of the 
complexes are shown in Figure 2.4. The "butterfly" shape of the core is 
similar for the three complexes but becomes flatter with increasing steric 
demand of the ligand. This can be traced to increasing repulsion between the 
aryl substituents on different ligands, as is clear from Figures 2.3-B, C. In the 
series, the Pd-CH2 distances change very little, while the Pd-CH3 distances 
increase by nearly 0.04 Å and the Pd-Pd distance increases by over 0.1 Å. 
Clearly, the Pd-Pd interaction is very "soft" and, if bonding at all, represents 
much less than a single bond. Its softness also explains the rather large error 





Figure 2.3. Calculated structures of (A) 3a, (B) 3b and (C) 3c. 
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The most interesting aspect of the core concerns the location of the CH3 
hydrogen atoms. Regardless of the nature of the substituents, we find a more 
or less symmetrical arrangement for the CH3 group, two of the hydrogens 
having weak agostic interactions with one palladium atom each (Pd H = 　
2.20-2.26 Å, C-H bond elongation ca 0.02 Å). Despite this symmetric 
arrangement, the highly substituted 3c shows a definite asymmetry in the 
Pd-CH3 distances (2.215 vs. 2.257 Å). This is not related to any agostic 
interaction but rather to repulsive interactions between the iPr groups on the 
Ar substituents. Loss of symmetry lowers these repulsions, allowing the iPr 
groups to interlock. However, asymmetry also results in bond length changes 
in the core, and the Pd-CH3 "half-bonds" respond more strongly to this (∆ = 
0.042 Å) than the Pd-CH2 single bonds (∆ = 0.015 Å). The similarity of the 
X-ray structure of 3 in Figure 2.5 and the calculated structure in Figure 2.4 









































Figure 2.5. Core of X-ray structure of 3. (The other atoms are omitted for 
clarity)  
 
All calculations were carried out with the Turbomole program27 coupled to 
the PQS Baker optimizer.28 Geometries were fully optimized as minima or 
transition states at the bp8629/RIDFT30 level using the Turbomole SV(P) 
basisset on all atoms (pseudopotential basis on the metal). Zero-point energy 
(ZPE) and thermal corrections were not included. For 3c, a large number of 
conformations of the interlocking iPr groups are possible. We have tested 
only a few of them, and the structure shown in Figure 2.5 probably does not 
represent the global minimum. However, for the purpose of the present 








<Pd1C58Pd2, Pd1C57Pd2 = 137.1(2)o 
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2.6. Reaction of dipalladium complex 3 with 2-butyne. 
 
Several µ-methylene complexes were reviewed by Puddephatt. 31  Most 
examples contain additional bridging ligands. Three types of organometallic 
reactions were mentioned: CO insertion in [Ru2Cp2(CO)4(µ-CH2)] to give a 
ketene derivative;32 reductive elimination in [Cp2Ti(µ-CH2)2TiCp2] to give 
ethene by coupling of the two methylene groups; 33  cleavage of 
[LAu(µ-CH2)PtMe2Cl(bipyridine)] with HCl to give 
[PtMe3Cl(bipyridine)].34 
 
By analyzing the structure of dipalladium complex 3, two possible reaction 
pathways of this compound may be anticipated. One is the cleavage of the 
dinuclear species 3 by Lewis basic reagents to two mononuclear species: one 
fragment is a cationic Pd-Me species similar to 2, the other a neutral Pd 
alkylidene species (Scheme 2.7, left hand side). In this way, 3 could be a 
precursor of Pd=CH2 species, similar to Tebbe’s reagent 
Cp2Ti(µ-CH2)(µ-CH3)Al(CH3)2,35 which reacted with internal acetylenes to 
produce a titanacyclobutenes.36,37 At the same time, the cationic Pd-Me 
species can show its specific reactivity (3 is able to polymerize ethene, 
probably through this fragment45). On the other hand, 3 can retain its 
dinuclear character by the opening of just one side of the Pd2C2 ring by a 
Lewis basic reagent (Scheme 2.7, right hand side). The result is a species with 
three different Pd-C bonds that can each show reactivity. In order to gauge the 
character of 3, its reactivity with various reagents has briefly been explored. 
 Scheme 2.7 
L2L
Cleaving Opening3






















Dipalladium complex 3 is only moderately reactive. It does not react with 
benzophenone, THF, acetonitrile or even methanol at ambient temperature 
over 24 hours. Solid 3 can be heated at 50 oC for 12 h under N2 without 
notable decomposition.  
 
When the dipalladium complex 3 was reacted with 2-butyne in diethyl ether 
at ambient temperature, gradually a black precipitate of Pd(0) formed. After 
12 h the brown solution was filtered and a yellow solid precipitated upon 
addition of pentane to the solution. Recrystallization from CH2Cl2 / pentane 
afforded yellow crystals of the cationic Pd-(η3-1,1,2-trimethylallyl) complex 
6, (yield: 35 mol% on Pd). A suitable single-crystal was found for an X-ray 




Figure 2.6.  ORTEP structure of complex 6 (cation) 
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Table 2.3 Selected bond distances (Å) and angles (o) of complex 6 
_____________________________________________________________ 
Pd11-C129              2.097(5)     Pd11-C130               2.129(4) 
Pd11-C132              2.187(4)      Pd11-N11               2.041(3) 
Pd11-N12               2.178(3)      C129-C130               1.376(8) 
C130-C132             1.381(6)               
 
C129-Pd11-C130       38.0(2)       C130-Pd11-C132         37.30(15)  
C129-C130-C132       124.3(5)      C130-C132-C133         124.6(5)  
C130-C132-C134       117.5(5)       C133-C132-C134         113.0(4)  
 
Pd11-C129-C130-C132   52.0(4)     C129-C130-C132-C133   165.0(5) 
C129-C130-C132-C134   41.4(6)     C131-C130-C132-C134   157.7(4) 
_____________________________________________________________ 
 
As with many Pd-complexes with this α-diimine ligand (see e.g. Chapter 3), 
the structure refinement of the X-ray diffraction data was complicated by a 
disorder problem: from the solution it was clear that the electron density of 
the Pd atom appeared to be spread out, indicating conformational disorder. A 
disorder model with two different positions for the Pd (Pd11: Pd12 = 50:50) 
was used in the refinement. This disorder must have obviously influenced the 
ligand positions, but this could not be satisfactorily modeled. Nevertheless, 
the non-hydrogen atom connectivity is unambiguous, indicating the presence 
of an η3-1,1,2-trimethylallyl ligand. The delocalization in the allyl fragment 
is seen from the C-C bond distances (C129-C130 = 1.376(8) Å and 
C130-C132 = 1.381(6) Å). The Pd-C bond distances ( Pd11-C129 = 2.097(5) 
Å, Pd11-C130 = 2.129(4) Å and Pd11-C132 = 2.187(4) Å, with the longest 
bond to the Me2-substituted carbon) are in the typical range of 
η3–allylpalladium complexes.38,39,40 The three methyl substituents (C131- 
C133-C134) are somewhat tilted out of the allyl plane as indicated by the 
torsion angle of 165.0(5)o for C129-C130-C132-C133 and 157.7(4)o for 
C131-C130-C132-C13. 
 
The 1H NMR chemical shifts of the allyl methylene protons (δ 3.06 ppm 
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H-syn and 3.01 ppm H-anti) and the corresponding 13C NMR resonance at δ 
61.66 ppm (JCH = 143 Hz) in complex 6 are typical for η3-allyl palladium 
complexes, e.g. δ 3.49 ppm (H-syn) and 3.23 ppm (H-anti) and δ 63.8 ppm 
(13C) in an α-diimine η3-2-methylallyl palladium complex.41 Three different 
methyl substituents on the allyl group can be seen at δ(1H) 1.87, 1.10 and 0.51 
ppm. These data are comparable with those of a related 1,1,2-trimethylallyl 
complex of the type [Pd(CH2-CMe-CMe2)(N-N)]BF4 with δ 4.18 and 3.54 




































The proposed reaction route is depicted in Scheme 2.8. The reaction can be 
initiated by coordination of 2-butyne to one of the Pd centers, involving the 
opening of one of the Pd(µ-Me)Pd sides of the Pd2C2 ring. The alkyne can 
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then insert into the adjacent Pd-CH2 bond. In the resulting species, a reductive 
elimination, connecting the vinyl carbon of the inserted alkyne with the 
Pd-bound methyl, can generate the 1,1,2-trimethylallyl group. The reduced 
Pd atom then loses its diimine ligand (free α-diimine is observed by NMR) 
and precipitates as Pd(0). 
 
 




















Dipalladium complex 3 was treated with CO in diethyl ether solution. After 
stirring at room temperature overnight, a black precipitate had formed. After 
filtration, the carbonyl methyl complex 7 was isolated by recrystallization 
from the filtrate in 40% yield based on Pd (Scheme 2.9). A suitable crystal of 
7 was found for X-ray diffraction. 
 
The X-ray structure determination of complex 7 was complicated to some 
extent by positional disorder between the Me and CO groups, but does allow 
an identification of the compound (Figure 2.7 and Table 2.4). It is a regular 
square planar 4-coordinate Pd complex. The 13C NMR spectrum of complex 
7 reveals a chemical shift of δ 176.1 for C≡O and its IR spectrum a C≡O 
stretching frequency at 2155 cm-1. A similar complex (phen)Pd(CH3)(CO)+ 




Figure 2.7. ORTEP structure of complex 7 (cation) 
 
Table 2.4 Selected bond distances (Å) and angles (o) of complex 7 
_____________________________________________________________ 
Pd11-C1291              1.94(3)        Pd11-C1301            2.029(18) 
Pd11-N11                 2.113(3)       Pd11-N12               2.086(3)               
O112-C1301              0.90(2) 
 
C1291-Pd11-C1301      85.5(9)        O112- C1301- Pd11     179.1(17)  
N11-Pd11-N12           77.11(11) 
 
C1291-Pd11-N11-C113   174.5(8)      C1301-Pd11-N12-C115  175.5(6) 
_____________________________________________________________ 
 
In this reaction, the identified product is essentially the product expected to be 
formed in the reaction of the cationic Pd-Me complex 2 with CO. It thus 
seems likely that, in this case, the dipalladium complex 3 is cleaved in such a 
way as to liberate a “Pd=CH2” species as well. Nevertheless, the fate of this 
 39 
part of the molecule could not be established, apart from the observation that 
it eventually leads to deposition of Pd(0).  
 
 
2.8. Conclusions  
 
The synthesis of the cationic α-diimine palladium methyl complex 
[(N^N)PdMe(OEt2)][BAF] (2) has been facilitated by an improved 
preparation of the starting materials (N^N)PdMe2 and [H(OEt2)2][BAF]. It 
was established that the synthesis conditions have to be well-controlled, to 
prevent the formation of the dinuclear (µ-methyl)(µ-methylene) species 3 
and attack of solvent C-Cl bonds. 
 
The dipalladium complex 3 is an unusual ionic (µ-methyl)(µ-methylene) 
species. Dinuclear palladium complexes have been much less investigated 
than mononuclear species.44  After completion of our work, Baird et al. 
reported some similar dipalladium complexes.45 These complexes have the 
same dipalladium cation as the 3 but with different anions. Nevertheless, the 
reactivity of the species was left unexplored. Our studies showed some 
interesting reactivity features of 3, in which the methyl and methylene groups 
either end up on the same metal (reaction with 2-butyne) or on different 
metals (reaction with CO). Especially the possibility to generate transient 





General considerations. All experiments were carried out under an 
atmosphere of purified nitrogen using standard Schlenk and glovebox 
techniques, unless mentioned otherwise. CH2Cl2 and CD2Cl2 (Aldrich) were 
distilled from CaH2 prior to use. Ether, toluene and pentane (Aldrich, 
 40 
anhydrous, 99.8%) were dried by passing over columns of Al2O3, BASF 
R3-11 supported Cu oxygen scavenger, and molecular sieves (Aldrich, 4 Å) 
under a nitrogen atmosphere prior to use.  
 
NMR spectra were recorded on Varian Gemini 300/500 spectrometers in 
NMR tubes equipped with a Teflon (Young) valve. The 1H NMR spectra were 
referenced to resonances of residual protons in the deuterated solvents, δ 5.32 
ppm for CD2Cl2. The 13C NMR spectra were referenced to the carbon 
resonances of the deuterated solvents, δ 53.8 ppm for CD2Cl2. Chemical 
shifts are given relative to tetramethylsilane (downfield shifts are positive); J 
values are given in Hertz. Assignments of the resonances of the 
organometallic products were made using information from COSY and 
HSQC (Heteronuclear Single Quantum Coherence) and/or HMBC 
(Heteronuclear Multiple Bond Coherence) spectra. 
 
NMR data for [BAF]- anion. The 1H and 13C NMR resonances of [BAF]- 
anion in CD2Cl2 are the same in the spectra for the different cationic 
palladium complexes at various temperatures. They are give here and will not 
be repeated in the listing of the other spectra: 1H NMR (CD2Cl2, 500 MHz, 25 
oC): δ 7.73 (s, 8H, Ho), 7.57 (s, 4H, Hp); 13C NMR (CD2Cl2, 126 MHz, 25 oC): 
δ 162.13 (q, JCB = 50.6, Cipso), 135.20 (Co), 129.31 (qq, JCF = 31.5, JCB = 2.9, 
Cm), 124.99 (q, JCF = 273.1, CF3), 117.83 (septet, JCF = 3.9, Cp). 
 
Elemental analyses were performed by Kolbe Mikroanalytisches 
Laboratorium, Mülheim an der Ruhr, Germany.  
 
Starting materials. The compounds (N^N)PdMeCl,1 (COD)PdCl2 (COD = 
cyclooctadiene), 46 and NaBAF14 were prepared according to published 
procedures. NaBAF was dried at 130 oC under vacuum for 6 h. 2-Butyne 
was dried on molecular sieves (Aldrich, 4 Å) overnight. Other compounds 
were used as received. 
 
Modified synthesis of [H(Et2O)2][BAF]. NaBAF (3.13 g, 3.53 mmol) was 
 41 
dissolved in 70 mL of Et2O. 7 mL of a 1M HCl solution in ether was added at 
0 oC. A white precipitate was formed immediately. After stirring at 0 oC for 10 
mins, the solution was filtered and cooled at –80 oC overnight. White 
crystals were isolated. Yield 3.14 g, 3.10 mmol, 88 %. By low-temperature 
1H NMR, there is less than 5 % [H(H2O)2][BAF] presented in the final 
products. 1H NMR (CD2Cl2, 500MHz, -60 oC) δ 16.63 (s, [H(Et2O)2]) 13.05 
(s, [H(H2O)2]), 7.73 (s, 8H, BAF: H0), 7.56 (s, 4H, BAF: Hp), 3.96 (q, 8H, J = 
7.2, OCH2), 1.30 (t, 12H, J = 7.0, CH3). 
 
Modified synthesis (I) of (N^N)PdMe2 (1): From (N^N)PdMeCl and 
MeMgBr. To a suspension of (N^N)PdMeCl (3.37 g, 6.32 mmol) in 150 mL 
Et2O was added 2.1 mL of a 3 M solution of MeMgBr (6.32 mmol) in Et2O at 
25 oC. The suspension was stirred for 2 h. The Et2O was removed by 
vacuum. The brown solid was extracted twice with 150 mL of toluene. The 
combined extracts were concentrated to 20 mL. After addition of 80 mL 
pentane, the mixture was cooled at –80 oC overnight. Brown crystals of 1 
were isolated and washed by 10 mL pentane 3 times, then dried in vacuum. 
Yield 2.60 g, 4.80 mmol, 76 %. The 1H NMR of the product shows the 
product to be pure 1.1 Anal. Calcd for (C30H46N2Pd): C, 66.59; H, 8.57; N, 
5.18. Found: C, 66.45; H, 8.71; N, 4.88. 
 
Modified synthesis (II) of (N^N)PdMe2 (1): From (COD)PdCl2 and 
MeMgBr. To a suspension of (COD)PdCl2 (610 mg, 2.1 mmol) in 20 mL 
Et2O, pre-cooled to –80 oC, was added 1.4 mL 3 M solution of MeMgBr (4.3 
mmol) in Et2O. The suspension was warmed to –30 oC and stirred for 0.5 hr. 
Diimine ligand (N^N) (864 mg, 2.1 mmol) was then added. The brown 
mixture was stirred for 2 hr at –30 oC and for 1 h at room temperature. The 
solvent was removed by vacuum. The dark brown solid was extracted with 
50 mL toluene. The extract was concentrated to 10 mL, followed by 
addition of 30 mL pentane. Cooling at –80 oC overnight afforded brown 
crystals of 1. Yield 537 mg, 0.99 mmol, 47%. The 1H NMR spectrum of the 
product shows it to be pure 1.1 
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Modified synthesis of [(N^N)PdMe(EtO)2][BAF] (2). (N^N)PdMe2 (1, 
0.597 g, 1.10 mmol) and [H(Et2O)2][BAF] (1.117 g, 1.10 mmol) were 
weighed into a Schlenk flask. Ether (50 mL) was slowly condensed into the 
flask at –196 oC. The mixture was stirred at –80 oC for 1 h, at –60 oC for 0.5 h 
and at –50 oC for 1.5 h and then warmed up to room temperature. After the 
solution was filtered, the solvent was removed by vacuum. The solid was 
washed with 10 mL of pentane 3 times. Yield 2 (1.046 g, 0.71 mmol) 65%, 
containing about 10 mol% of 3 based on NMR data. 
 
Synthesis of [(N^N)2Pd2(µ-CH3)(µ-CH2)][BAF] (3). To (N^N)PdMe2 (1, 
1.095 g, 2.02 mmol) and [H(Et2O)2][BAF] (1.045 g, 1.03 mmol) was added 
25 mL of CH2Cl2 at room temperature. The mixture was stirred for 5 min. The 
solution was filtered and concentrated to 15 mL. Then 30 mL of pentane was 
added, and the mixture was cooled at –80 oC overnight. Red crystals of 3 were 
isolated (1.36 g, 0.71 mmol, 69%). 1H NMR (CD2Cl2, 500MHz, 25 oC) δ 7.21 
– 7.10 (m, 12H, Haryl), 5.71 (s, 2H, µ-CH2), 2.77 and 2.60 (septet, 4H each, J = 
7.3, iPrH), 2.02 and 1.95 (s, 6H each, N=CMe), 1.12, 1.07 and 1.06 (d, 12H, 
12H and 24H, J = 7.3, iPrMe), 0.04 (s, 3H, µ-CH3). 13C NMR (CD2Cl2, 
126MHz, 25 oC) δ 173.41 and 170.93 (N=CMe), 144.82 and 140.86 (Ar Cipso), 
137.65 and 137.09 (Ar Co), 129.66 (t, JCH = 139, µ-CH2), 127.44 and 127.18 
(Ar Cp), 124.11 (Ar Cm), 28.77 and 28.50 (iPr CH), 23.78, 23.63, 23.43 and 
20.48 (iPr Me), 20.05 and 17.62 (N=CMe), -46.60 (q, JCH = 120, µ-CH3). 
Anal. Calcd for (C90H97BF24N4Pd2): C, 56.47; H, 5.11; N, 2.93. Found: C, 
56.12; H, 5.11; N, 2.85.  
 
[(N^N)2Pd2Me2(µ-Cl)][BAF] (4) and [(N^N)2Pd2(µ-Cl)2][BAF]2 (5). To a 
solution of [H(Et2O)2][BAF] (0.948 g, 0.94 mmol) in 40 mL CH2Cl2 
pre-cooled to -60 oC was added a (N^N)PdMe2 (0.500 g, 0.92 mmol) solution 
in 10 mL CH2Cl2 dropwise over 0.5 h with stirring. After stirring at -50 oC for 
1.5 h and at -30 oC for 1 h, the mixture was stored at -80 oC for 19 hours. 
Black precipitate was filtered off. The filtrate was concentrated to 15 mL by 
vacuum and 30 mL of pentane was added. The solution was cooled to -80 oC 
for 7h. Orange crystals were filtered off and washed with pentane to give 
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0.032 g (0.016 mmol) of isolated 5 in 3.5% yield. The filtrate was 
concentrated to 5 mL by vacuum and then combined with 30 mL of pentane. 
The brown solution was slowly cooled to -30 oC overnight. Crude product 4 
was isolated by filtration and further recrystallized from CH2Cl2 / pentane to 
give pure (by NMR) complex 4 (0.583 g, 0.30 mmol, 65%). The 1H and 13C 
NMR are identical to the literature data.8 
 
5 : 1H NMR (CD2Cl2, 500MHz, 25 oC) δ 7.40 (t, 4H, J = 7.5, Ar: Hp), 7.16 (d, 
8H, J = 7.5, Ar: Hm), 2.70 (septet, 8H, J = 7.0, iPrH), 2.20 (s, 12H, N=CMe), 
1.29 and 1.16 (d, 24H, each, J = 7.0, iPr Me). 13C NMR (CD2Cl2, 126MHz, 25 
oC) δ 184.34 (N=CMe), 139.18 (Ar: Co), 138.82 (Ar: Cipso), 132.08 (Ar: Cp), 
125.32 (Ar: Cm), 30.32 (iPr CH, 23.71 and 23.58 (iPr Me), 21.48 (N=CMe).  
 
Reaction of [(N^N)2Pd2(µ-CH3)(µ-CH2)][BAF] (3) with 2-butyne: 
synthesis of 6. To a solution of 3 (210 mg, 0.11 mmol) in 5 mL Et2O was 
added 2-butyne (10 µL, 4.3 mmol). The solution was stirred overnight at 
room temperature. A black precipitate had formed. The brown solution was 
filtered. Yellow solid was precipitated by addition of 5 mL of pentane. The 
solid was recrystallized from CH2Cl2 / pentane to give complex 6 (56 mg, 
0.038 mmol, 35% yield based on Pd). 1H NMR (CD2Cl2, 300MHz, 25 oC) δ 
7.42 – 7.31 (m, 12H, Haryl), 3.06 and 3.01 (d, 1H each, J = 1.5, Hallyl), 2.90 and 
2.70 (septet, 2H each, J = 6.9, iPr CH), 2.27 and 2.22 (s, 3H each, N=CMe), 
1.87 (s, 3H, MeC=CMe2), 1.44, 1.36, 1.32, 1.31, 1.25, 1.19, 1.18 and 1.15 (d, 
3H each, J = 6.9, iPr Me), 1.10 (s, 3H, MeC=CMe’Me), 0.51 (s, 3H, 
MeC=CMe’Me). 13C NMR (CD2Cl2, 126MHz, 25 oC) δ 175.71 and 175.09 
(N=CMe), 144.03 and 142.09 (Ar Cipso), 137.89, 137.17, 136.97 and 136.79 
(Ar Co), 128.83 and 128.76 (Ar Cp), 125.12, 125.08, 124.92 and 124.79 (Ar 
Cm), 92.04 (MeC=CMe2), 61.66 (t, JCH = 143, CH2(Me)C=CMe2), 29.65, 
29.49, 29.44 and 29.23 (iPr CH), 24.55, 24.22, 23.69, 23.52, 23.43, 23.24, 
23.20 and 22.92 (iPr Me), 23.69 (q, JCH = 126, MeC=CMe’Me), 21.70 and 
20.97 (N=CMe), 20.64 (q, JCH = 124, MeC=CMe’Me), 20.11 (q, JCH = 130, 
MeC=CMe2). Anal. Calcd for (C66H63BF24N2Pd): C, 54.39; H, 4.36; N, 1.92. 
Found: C, 54.39; H, 4.39; N, 1.90. 
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Reaction of [(N^N)2Pd2(µ-CH3)(µ-CH2)][BAF] (3) with CO: synthesis of 
7. On a vacuum line, about 1.4 mmol (10 eqv.) CO was condensed into a 
Schlenk flask pre-charged with a solution of 3 (274 mg, 0.14 mmol) in 10 mL 
CH2Cl2 at –196 oC. The solution was warmed to room temperature and stirred 
for 4 hours. Black precipitate was formed. After filtration, 20 mL pentane 
was added to the solution. A brown precipitate was filtered and 
recrystallized from CH2Cl2 / pentane to yield crystals of 7 (79 mg, 0.056 
mmol, 40% based on Pd). 1H NMR (CD2Cl2, 500MHz, 25 oC) δ 7.50 – 7.39 
(m, 12H, Haryl), 2.84 and 2.68 (septet, 2H each, J = 6.6, iPr CH), 2.41 and 2.30 
(s, 3H each, N=CMe), 1.40, 1.32, 1.29 and 1.24 (d, 6H each, J = 6.6, iPr Me), 
0.86 (s, 3H, PdMe). 13C NMR (CD2Cl2, 126MHz, 25 oC) δ 176.10 (CO), 
173.91 and 173.45 (N=CMe), 142.64 and 141.11 (Ar Cipso), 138.59 and 
136.88 (Ar Co), 130.26 and 129.82 (Ar Cp), 125.41 (Ar Cm), 29.86 and 29.78 
(iPr CH), 23.84, 23.78, 23.58 and 23.21 (iPr Me), 22.54 (PdMe), 20.40 
(N=CMe).  IR: 2155 cm-1, ν (CO). Anal. Calcd for (C62H55BOF24N2Pd): C, 
52.54; H, 3.91; N, 1.98. Found: C, 52.38; H, 4.06; N, 1.92. 
 
X-ray Crystallographic analysis 
 
With inert-atmosphere handling techniques, suitable crystals were mounted 
on top of a glass fiber and aligned on a Bruker47  SMART APEX CCD 
diffractometer (Platform with full three-circle goniometer). Data integration 
and global cell refinement was performed with the program SAINT. The final 
unit cell was obtained from the xyz centroids of total reflections after 
integration. Intensity data were corrected for Lorentz and polarization effects, 
scale variation, for decay and absorption: a multi-scan absorption correction 
was applied, based on the intensities of symmetry-related reflections 
measured at different angular settings (SADABS)48, and reduced to Fo2. The 
program suite SHELXTL was used for space group determination (XPREP)47. 
Reduced cell calculations did not indicate any higher metric lattice 
symmetry49 and examination of the final atomic coordinates of the structure 
did not yield extra crystallographic or metric symmetry elements50,51. The 
structures were solved by Patterson methods and extension of the model was 
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accomplished by direct methods applied to difference structure factors using 
the program DIRDIF 52 . The positional and anisotropic displacement 
parameters for the non-hydrogen atoms and isotropic displacement 
parameters for hydrogen atoms were refined on F2 with full-matrix 
least-squares procedures minimizing the function Q = ∑h[w(│(Fo2) - 
k(Fc2)│)2], where w = 1/[σ2(Fo2) + (aP)2 + bP], P = [max(Fo2,0) + 2Fc2] / 3, F0 
and Fc are the observed and calculated structure factor amplitudes. 
Crystallographic data can be found in Table 2.5 and Table 2.6.  
 
For complex 3, all hydrogen atoms were located from the difference Fourier 
map, and their coordinates and isotropic displacement parameters were 
refined; the hydrogen atoms connected to C57 and C58 were refined with one 
common isotropic displacement parameter. 
 
In complex 6, a disorder model with two slightly different positions for the Pd 
center (both with 0.5 occupancy factor, Pd-Pd’ = 0.25 Å) was used in the 
refinement. This disorder is likely to be correlated with a different positioning 
of the 1,1,2-trimethyl-allyl ligand, but this could not be satisfactorily modeled. 
It is reflected in the apparent large thermal ellipsoids of the carbon atoms in 
that fragment. 
 
For complex 7, refinement was complicated by a configurational-disorder 
problem: the -CH3 (C130) and the -C=O (C129-O110) ligand positions are 
alternatively occupied, and a 50:50 disorder model with bond restraints was 
used in the refinement. A residual peak of 3.2 e/Å3 between C113 and C115 
was observed; this peak was refined as partly occupied by a Pd (refined s.o.f. 
= 0.064), implying a disorder of the cation by an approximately 180° rotation 
about the line N11-N12. The disorder phenomena may account for the 
observed unrealistic displacement parameters for some atoms when allowed 
to vary anisotropically, suggesting dynamic disorder as a consequence of the 




Table 2.5. Crystallographic data for complex 3 and 5. 
____________________________________________________________ 
                         3                        5                           
Formula      C90H97BF24N4Pd2   C120H104Cl2B2F48N4Pd2   
FW  1914.40 2819.43     
Crystal system triclinic triclinic     
Space group P-1 P-1     
a (Å) 12.1587(6) 14.2360(5)    
b (Å) 16.9380(9) 15.8017(5)    
c (Å) 22.215(1) 28.040(1)    
α (deg) 96.781(1) 96.921(1)    
β (deg) 99.356(1) 93.878(1)    
γ (deg) 94.819(1) 97.930(1)   
V (Å3) 4457.7(4) 6179.0(4)    
θ range (deg) 2.44-28.53 2.32-29.60    
Z 2 2      
ρ calc (g.cm-3) 1.426 1.515     
F(000) 1956 2840     
µ(Mo Kα ), cm-1 5.00 4.56     
Temp (K) 100(1) 100(1)     
Reflections 22466 31143     
Parameters 1474 1623     
wR(F2) 0.1272   0.1358     
Weighting (a, b) 0.0556, 3.9093 0.0737, 7.4449   
R(F) 0.0501 0.0481     












Table 2.6. Crystallographic data for complex 6 and 7. 
_____________________________________________________________ 
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Formula            C66H63BF24N2Pd    C62H55BOF24N2Pd 
FW        1457.43     1417.32 
Crystal system     monoclinic    triclinic 
Space group        P21/n     P-1 
a (Å)         19.257(1)     12.6166(6) 
b (Å)         16.8713(9)    15.3958(8) 
c (Å)         20.808(1)     16.6283(8) 
α (deg)              87.064(1) 
β (deg)         104.3700(10)    80.019(1) 
γ (deg)             81.913(1) 
V (Å3)         6548.8(6)     3148.2(3) 
θ range (deg)     2.35-28.94    2.23-25.78 
Z           4       2 
ρ calc (g.cm-3)     1.478     1.495 
F(000)         2960      1432 
µ(Mo Kα ), cm-1       3.93      4.08 
Temp (K)      100(1)     100(1) 
Reflections        17412     12142 
Parameters        869      864 
wR(F2)          0.1587     0.1450 
Weighting (a, b)       0.0786, 8.0395   0.0708, 4.3064 
R(F)          0.0573     0.0542 
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